The online-only Data Supplement is available with this article at http://circimaging.ahajournals.org/lookup/suppl/Background-Alterations at the level of the coronary circulation with aging may play an important role in the evolution of age-associated changes in left ventricular (LV) fibrosis and function. However these age-associated changes in the coronary vasculature remain poorly defined primarily due to the lack of high resolution imaging technologies. The current study was designed to utilize cardiac micro-computed tomography (micro-CT) technology as a novel imaging strategy, to define the 3-dimensional coronary circulation in the young and aged heart and its relationship to LV fibrosis and function. Methods and Results-Young (2 months old; n=10) and aged (20 months old; n=10) Fischer rats underwent cardiac micro-CT imaging as well as echocardiography, blood pressure, and fibrosis analysis. Importantly, when indexed to LV mass, which increased with age, the total and intramyocardial vessel volumes were lower, whereas the epicardial vessel volume, with and without indexing to LV mass, was significantly higher in the aged hearts compared with the young hearts. Moreover, the aged hearts had a significantly lower percentage of intramyocardial vessel volume and a significantly higher percentage of epicardial vessel volume, when normalized to the total vessel volume, compared with the young hearts. Further, the aged hearts had significant LV fibrosis and mild LV dysfunction compared with the young hearts. Conclusions-This micro-CT imaging study reports the reduction in normalized intramyocardial vessel volume within the aged heart, in association with increased epicardial vessel volume, in the setting of increased LV fibrosis, and mild LV dysfunction. (Circ Cardiovasc Imaging. 2012;5:518-524.)
T he aged myocardium is characterized by a reduction in cardiomyocyte number, 1 an increase in fibrosis, [2] [3] [4] and an increase in mass. 5 Importantly, excessive accumulation of collagen is a major determinant of increased myocardial stiffness which contributes to diastolic and systolic dysfunction leading to the rise in heart failure commonly seen in the elderly. 6 Although advances have been made in our understanding of molecular pathways, 3, 7, 8 alterations in collagen turnover 9 and changes in hemodynamics 10 that contribute to age-associated cardiac fibrosis, the potential alterations in the coronary circulation with aging is not fully defined.
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Importantly, changes at the level of the coronary circulation with aging may play a critical role in the evolution of impaired myocardial function as a consequence of cardiac fibrosis or even as a primary mediator of structural changes of the heart secondary to the consequences of reduced myocardial perfusion. Although a decrease in coronary capillary density with aging has been previously reported by histomorphometric analysis, 11 the influence of age on the intramyocardial and epicardial vasculature of varying luminal diameters remains poorly defined, primarily due to the lack of sensitive imaging technologies.
Cardiac micro-computed tomography (micro-CT) is a sensitive and high resolution technique that permits studies of small scale structures, particularly the microcirculation within organs. [12] [13] [14] [15] This advance in medical imaging technology provides the ability to define structural alterations of the myocardial coronary vasculature during aging that will enhance our understanding of age-associated changes in the heart which goes beyond histomorphometric analysis.
The present study was therefore designed to define the myocardial volume of intramyocardial and epicardial vessels, throughout a range of luminal diameters, in an experimental Fischer rat model of aging using cardiac micro-CT imaging. We hypothesized that the total and intramyocardial vessel volume in the aged heart when normalized for increased LV mass would be lower, whereas the epicardial vessel volume would be higher, than that of the young heart. We further hypothesized that there would be a decrease in the percentage of intramyocardial vessel volume normalized to total vessel volume in the aged heart, compared with the young heart, and this reduction would be associated with an increase in LV fibrosis together with mild LV dysfunction. Thus the current study was designed to use cardiac micro-CT technology as a novel imaging strategy in order to define the 3-dimensional (3D) coronary circulation in the young and aged heart and to also advance our understanding of global myocardial aging.
Methods

Animals
Studies were performed in young (2 months old; n=10) and aged (20 months old; n=10) male Fischer rats (Harlan Laboratories, Inc, Madison, WI). These age groups are equivalent to humans in their adolescence and in their 6th decade of life. 3 In each age group of 10 rats, 5 were used for micro-CT imaging and 5 were used for echocardiography, blood pressure measurement, and histological analysis. The experimental study was performed in accordance with the Animal Welfare Act and with approval of the Mayo Clinic Institutional Animal Care and Use Committee.
Micro-CT Imaging
Rats were anesthetized (1.5% isoflurane in oxygen) to permit hearts to be prepared based on a modification of a previously reported methodology. 13 First, the jugular vein (JV) and the carotid artery (CA) were cannulated with PE-90 tubing containing heparin (5000 U/mL). Then, 1 mL of heparin (5000 U/mL) was slowly infused via the JV and allowed to circulate for 30 minutes. After 30 minutes, the abdominal aorta (AA) below the renal vessels were exposed, separated from the surrounding tissue and inferior vena cava (IVC). The JV tubing was then connected to a 20-mL syringe containing heparinized saline (10 U/mL). The syringe was place in a syringe pump and the flow rate was set to maintain an infusion pressure of 30 mm Hg. The syringe pump was turned on as the AA was cut and heparinized saline (10 U/mL) was infused via the JV cannula. Once the aortic effluent became clear, a small incision was made in the diaphragm and the thoracic aorta was clamped with a hemostat. Heparinized saline (10 U/mL) was then infused via the cannulated CA, maintaining an infusion pressure of 60 mm Hg, as the effluent drained out the open-ended JV catheter. Once the JV effluent became clear, an intravascular contrast agent, radiopaque microfil siliconbased polymer (MV-122. Flowtech, Carver, MA) was then infused into the CA, at a flow rate that maintained an infusion pressure of 80 mm Hg. Once the microfil polymer appeared in the IVC or JV, all cannulas were clamped and the rat was placed in a 4°C refrigerator overnight to allow for complete relaxation and the setting of the microfil polymer. The hearts were harvested the next day and prepared for scanning on a high-resolution, volumetric custom-built micro-CT scanner as previously described. 13 The isolated microfil injected rat hearts were mounted on a computer-controlled rotating stage so that an X-ray projection image was generated on a CsI crystalline plate, which converted the X-ray into a light-image, at each of 360 angles of view around 360 degrees. This image was optically projected onto a CCD imaging array that converted the light intensity on each of the 1024×1024 array of 24 μm on-a-side square pixels to an electronic signal proportional to the light (X-ray) intensity. The data, once recorded, were subjected to modified Feldkamp cone beam reconstruction algorithm 16 to generate a 3D volume data set. The 3D image consisted of up to 1024 3 cubic voxels, each 20 μm 3 on a side, with gray scale equal to the X-ray attenuation coefficient in units of 1000/cm.
Micro-CT Analysis
The 3D images (up to 1024 3 cubic voxels) were displayed with a maximum intensity projection method so that the coronary vessels show up as illustrated in Figure 1A and 1B and visualized with the Analyze software package (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN). 17 Our micro-CT analysis software was set up so that structures <20 μm in diameter (ie, the capillaries, terminal arterioles, and smallest venules) were not visible on the CT image. As such the arterial and venous trees were "not connected" in this display image. The image analyst then identified the coronary arteries at the level of the aortic root and then applied a "connect" function on the analysis software which connects only those voxels in the arterial tree and not the venous tree. This arterial tree display was used to identify the location along the coronary vessels where the epicardial vessels converted to intramyocardial vessels. Using the same gray-scale threshold value to differentiate the blood vessels from the surrounding tissues, an "erode/dilate" image analysis methodology was used to estimate the intravascular lumen volume of vessels within a selected lumen diameter range by counting the number of voxels within the segmented arterial tree. As the cubic voxel side dimension was 20 μm, the coronary arterial lumen diameters were always derived in 40-μm increments. Coronary vessel volumes by luminal diameter from 80 to 760 μm were assessed. As the transition point of which the epicardial vessels penetrated the myocardium and became intramyocardial vessels was within the range of 320 to 360 μm in luminal diameters, intramyocardial vessels were defined as luminal diameters from 80 to 360 μm and epicardial vessels were defined as luminal diameters from 361 to 760 μm. To avoid errors in arterial vessel lumen diameter estimates due to tomographic image blurring and partial volume effects, coronary vessels <80 μm were excluded from our quantitative analysis.
Standard and 2-Dimensional Speckle-Derived Strain Echocardiography
As previously described, 3 standard transthoracic echocardiography was performed on anesthetized (1.5% isoflurane in oxygen) rats, using the Vivid 7 ultrasound system (GE Medical Systems, Milwaukee, WI) and a 10S transducer (11.5 MHz) with ECG monitoring. M-mode images and gray-scale 2D parasternal short-axis images (300-350 frames/s) at the midpapillary level were recorded for off-line analysis using EchoPAC software (EchoPAC PC BTO 9.0.0, GE Healthcare, Milwaukee, WI). LV end-diastolic and endsystolic internal diameters and wall thicknesses were measured from M-mode images permitting calculation of LV ejection fraction (EF), based on the cubed method, LV mass, and relative wall thickness (RWT). All parameters represent the average of 3 beats.
Two-dimensional speckle-derived strain echocardiography (2DSE) parasternal short-axis images at the midpapillary level were acquired with a frame rate ranging from 60 (full apical views) and 160 (narrow sector views) frames/s. Three consecutive cardiac cycles were recorded as 2D cine loops and the acquired raw data were saved for off-line analysis using EchoPAC software. Circumferential systolic peak values were determined for strain (sS) and strain rate (sSR). Circumferential early diastolic peak values were determined for myocardial strain rate (dSR-E).
Blood Pressure and Fibrosis Analysis
After echocardiography, PE-50 tubing containing heparinized saline (10 U/mL) was placed into the CA in anesthetized (1.5% isoflurane in oxygen) rats for blood pressure acquisition, using CardioSOFT Pro software (Sonometrics Corporation, London, Ontario, Canada). After blood pressure acquisition, the hearts were then removed, the LV was dissected, and a mid-LV cross section was preserved in 10% formalin for fibrosis analysis. Fixed LV tissues (n=5 per age group) were dehydrated, embedded in paraffin, and sectioned at thickness of 4 μm. Collagen and extent of fibrosis was performed using picrosirius red staining. An Axioplan II KS 400 microscope (Carl Zeiss, Inc, Gottingen, Germany) was used to capture at least 4 randomly selected myocardial images, between the subepicardial and subendocardial regions, from each slide using a ×20 objective. KS 400 software was utilized to determined fibrotic area as a percentage of total tissue area.
Statistical Analysis
Results are expressed as mean±SEM. Student unpaired t tests were used for single comparisons between age groups. Mean differences between the aged and young groups are presented with 95% confidence intervals on these differences that were calculated using pooled standard deviations. Due to the suspected differences of vessel distribution between intramyocardial and epicardial vessels among young and aged hearts, separate analyses were done within these vessel age groups. To compare vessel volume across the range of vessel luminal diameters within each vessel age group, a generalized linear mixed model analyses, including a random per rat intercept term and an exchangeable correlation structure to control for repeated measurements within rats, were used to compare the percent vessel volume normalized to total vessel volume. To test for ordinal trend across vessel luminal diameters, a numeric value was assigned to each vessel diameter and this new variable was used in the analysis. Specifically, normalized vessel volume was modeled as a linear function of ordinal vessel diameter and age group within the mixed model framework while controlling for the repeated measurements at different vessel diameters within each rat. SAS version 9.2 (SAS Institute Inc, Cary, NC) was used to fit the linear mixed models. Other analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA). Statistical significance was accepted as P<0.05.
Results
Coronary Vasculature
The micro-CT-derived total, intramyocardial, and epicardial coronary vessel volumes, including indexed to LV mass, are reported in Table 1 and Table 2 , respectively. In Table 1 , the total and epicardial vessel volumes were significantly higher in the aged heart compared with the young heart, with no change in the intramyocardial vessel volume between the age groups. However, when indexed to LV mass, the total and intramyocardial vessel volumes were significantly lower in the aged heart compared with the young heart as shown in Table 2 . Whereas the epicardial vessel volume normalized to LV mass was significantly higher in the aged heart compared with the young heart ( Table 2 ). Figure 1C and 1D illustrate a representative cardiac micro-CT reconstruction image of the coronary arterial vessels in the young ( Figure 1C and Online Data Supplement Movie I) and aged ( Figure 1D and Online Data Supplement Movie II) heart. The distribution percentage of vessel volume across a range of vessel luminal diameters, from 80 to 760 μm, normalized to total vessel volume is illustrated in Figure 2 . When normalized vessel volume was modeled as a function of vessel diameter and age, on average the aged hearts had significantly lower normalized intramyocardial vessel volume (P=0.002) and a significantly higher normalized epicardial vessel volume (P<0.001) compared with the young hearts. Of note, the increase in normalized epicardial vessel volume was primarily due to an increase in vessel volumes between 361 to 520 μm. Moreover, there was very little vessel volume (<1% of the total) in vessel diameters above 640 μm for either age group. Figure 3 report the mean percent values for intramyocardial ( Figure 3A ) and epicardial ( Figure 3B ) vessel volumes in young and aged rats.
When normalized to the total vessel volume, the aged heart had a significantly lower percentage of intramyocardial vessel volume ( Figure 3A) and a significantly higher percentage of epicardial vessel volume ( Figure 3B ) compared with the young heart.
LV Structure and Function and Blood Pressure
LV structure and function and mean arterial pressure (MAP) are reported in Table 3 . There was a significant increase in body mass, LV mass, end-diastolic internal chamber diameter and RWT in the aged rats compared with the young rats. Moreover, left ventricle weight-to-body weight ratio was significantly lower in the aged rats compared with the young rats. Importantly, LVEF was significantly reduced and 2DSE confirmed significant impairment of systolic and diastolic function as demonstrated by reductions in circumferential sS, sSR, and dSR-E in the aged heart. Further, the aged rat exhibited a significant increase in MAP and there was no difference in heart rate between the age groups. Figure 4A illustrates representative photomicrographs of the young and aged LV stained with picrosirius red, which provides an estimate of fibrillar collagen deposition. Specifically, there was a significant increase in LV interstitial collagen staining ( Figure 4B ) in the aged hearts compared with the young hearts.
LV Fibrosis
Discussion
This study, using an experimental Fischer rat model of aging, demonstrates that aging is associated with changes in the global coronary vasculature as documented by highresolution micro-CT imaging. Specifically when indexed to LV mass, the total and intramyocardial vessel volumes were significantly lower, whereas the epicardial vessel volumes, with and without indexing to LV mass, were significantly higher in the aged heart compared with the young heart. Furthermore the percentage of intramyocardial vessel volume that comprised the total vessel volume of the aged heart was significantly lower than the young heart. Importantly, this reduction in normalized intramyocardial vessel volume within the aged heart occurred in the setting of increased LV fibrosis and mild LV dysfunction.
In the current study, we used high-resolution micro-CT imaging technology [18] [19] [20] [21] to visualize the 3D coronary vasculature and to quantify specific changes in the intramyocardial and epicardial vessels of varying luminal diameters in young and aged hearts. Notably, other studies have also reported the unique capabilities of this technology and analysis to detect changes in the architecture of the renal microvasculature as well. 12, 15, 22 Typically, sequential sectioning of the heart and histomorphometric analysis has been the primary methodology used to assess and quantify the coronary vasculature. 11, [23] [24] [25] [26] While this conventional histopathologic analysis has been considered the gold-standard for examining the coronary vasculature, this method is very labor intensive and only provides information on the coronary circulation in a very small percentage of the entire heart. Cardiac micro-CT technology goes beyond the capabilities of histomorphometric analysis because of its high resolution and image analysis capabilities which allows for the global evaluation of the organ vasculature, vessel size distribution patterns, and connectivity. 13, 15, 18, 19, 27 Using micro-CT imaging, we observed that the aged hearts had a significant increase in the total as well as epicardial vessel volumes as compared with the young heart, with no change in the intramyocardial vessel volume. Importantly, as LV mass increased with aging, the epicardial vessel volume significantly increased, whereas the intramyocardial vessel volume did not change. This increase in epicardial vessel volume may be explained by an increase in the number, total length and/or diameter of the epicardial vessels. Indeed it is tempting to speculate that this may be a programmed response to natural myocardial growth associated with aging in order to permit optimal delivery of oxygenated blood throughout the mature myocardium. However, the biological mechanism by which the epicardial vessels increase with age remains to be defined. Nonetheless, when indexed to LV mass, the aged heart was characterized by a significant decrease in the total as well as intramyocardial vessel volumes as compared with the young heart. Whereas the aged heart maintained a significantly higher epicardial vessel volume, when normalized to LV mass, as compared with the young heart. These observed changes suggest that the increase in epicardial vessels (per gram of LV mass) may, in part, be an adaptive response for the decrease in intramyocardial vessels (per gram of LV mass) in attempt to maintain adequate tissue perfusion and nutrient delivery. Furthermore, when normalized to the total vessel volume, the aged heart had a significantly lower percentage of intramyocardial vessel volume as compared with the young heart. Importantly, there was an inverse relationship between the decreased percentage of intramyocardial vessel volume and increased LV fibrosis in the aged heart. Furthermore, in association with this increase in LV fibrosis, systolic function as documented by LVEF as well as circumferential sS and sSR and diastolic function as documented by circumferential dSR-E were significantly reduced in the aged heart. The increase in LV fibrosis seen here is consistent with previous reports that demonstrated the collagen accumulation progressively increases with normal aging in both experimental animal models 3, 11, 28 and in humans. 1, 29 Cardiac fibrosis is a hallmark of aging, and deposition of collagen in the myocardial interstitial space is associated with reductions in myocardial compliance and function, as seen experimentally 3, 30 and in humans. 5, 31, 32 Although advances have been made in our understanding of mechanisms that contribute to age-associated cardiac fibrosis, such as alterations in collagen turnover 9 and changes in blood pressure, 10, 33 alterations in the coronary circulation with aging is not well defined. Although a decrease in coronary capillary density 
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with aging has been previously reported by histomorphometric analysis, 11 the influence of age on the intramyocardial and epicardial vasculature of varying luminal diameters remains poorly defined, primarily due to the lack of sensitive imaging technology. The current study therefore provides new and additional insights into the evolution of age associated changes in the coronary vasculature as determined by highresolution micro-CT imaging.
Study Limitations
In this study, we documented the coronary vasculature changes that occurred between young and aged hearts in coronary vessel volume ranging from 80 to 760 μm in luminal diameter, where intramyocardial vessels were defined as diameters from 80 to 360 μm and epicardial vessels were defined as diameters from 361 to 760 μm. Although the resolution of micro-CT can be as high as 1-μm voxels, limited computing power currently restricts routine handling and analysis of such enormous image files. In the present study, we used 20-μm voxels, and an enhancement of less than 2 adjacent voxels was considered as noise so that analysis was restricted to coronary vessels ≥80 μm. Furthermore, future cardiac micro-CT aging studies are needed to investigate coronary arterial resistance vessels (<75-100 μm in diameter) and capillary density and their role in myocardial perfusion. In addition, it is also possible that the myocardial vasculature might have been misclassified due to residual vascular tone with a consequent decline in the diameter of epicardial vessels. However, we believe this was unlikely because our tissue preparation allowed for complete coronary vessel relaxation. 20 In conclusion, this study demonstrates the age related coronary vasculature changes in the total, intramyocardial and epicardial vessel volume using high-resolution micro-CT imaging. These observations also have clinical implications, particularly in therapeutic strategies targeted at promoting angiogenesis with ultimate goal of preventing detrimental effects such as excessive fibrosis and preserving or improving cardiac function. Further, this technology not only underscores the utility of micro-CT imaging to gain important insights of the coronary vasculature during aging but could also be useful to address other physiological and pathophysiological conditions and warrants further investigations.
